The Ku-band Polarization Identifier (KUPID) will integrate a very low noise 12-18 GHz, correlation polarimeter onto the Crawford Hill seven meter, millimeter-wave antenna. The primary components of the polarimeter will be built at the University of Miami and other key components, including the microwave horn and data acquisition system will be built at the University of Chicago and Princeton University. This project will measure the Q and U Stokes parameters in regions near the north celestial pole, in regions of low galactic contamination, and in regions near the galactic plane. The KUPID survey experiment makes use of many of the techniques employed in the Princeton IQU Experiment (PIQUE) that was developed by the members of this collaboration to detect CMB polarization at shorter wavelengths. The KUPID experiment will be constructed in parallel and on the same timescale as the CAPMAP experiment (see Barkats, this volume) which is the follow-on experiment to PIQUE. KUPID will observe on the Crawford Hill antenna from late spring until early autumn, while CAPMAP will observe during the lower water vapor months of late autumn until early spring.
In the last few years the cosmology community has come to realize that a wealth of information can be gleaned from measurements of the angular power spectra of cosmic microwave background (CMB) polarization as well as its correlation with the temperature power spectrum. Detailed studies of CMB polarization may detect the gravitational waves from the inflationary epoch (e.g. Kamionkowski and Jaffe 2000) , help isolate the peculiar velocity at the surface of last scattering (Zaldarriaga and Harari 1995) , determine the nature of primordial perturbations (e.g. Spergel and Zaldarriaga 1997) , and probe primordial magnetic fields (e.g. Kosowsky and Loeb 1996) as well as cosmological parity violation (e.g. Lue, Wang, and Kamionkowski 1999) . A number of other possibilities are reviewed in Kamionkowski and Kosowsky 1999 . This realization has manifested itself in the large number of new experiments devoted to CMB polarization studies (e.g. Timbie and Gundersen, 2002) . At least 12 of these experiments represent low frequency (< 100 GHz) polarization measurements that may ultimately be limited by foreground contamination from polarized galactic synchrotron Hinshaw 2000, Davies and Wilkinson 1999) , point sources, or perhaps the anomalous emission -hypothesized to be "spinning dust" Lazarian 1998a, 1998b) . The level to which these foreground contaminants will limit the CMB polarization measurements is not well known . The need for a low frequency survey to characterize the polarized emissions has been emphasized on many occasions (e.g. Cecchini et al. 2002) . The research objectives of the Ku-band Polarization Identifier (KUPID) directly address this need and go beyond. 
observation objectives
KUPID will be configured as a polarimeter to measure both Q and U Stokes parameters, and it will also measure the continuum brightness temperature. When the latter measurements are spatially differenced they can also be used as a differential radiometer to measure ∆T . With these capabilities, this instrument will be able to perform a wide variety of studies that span the interstellar medium to cosmology. The primary research objectives include:
• Survey the polarized component of galactic synchrotron radiation • Characterize the anomalous foreground emissionhypothesized to be "spinning dust"
• Measure CMB polarization, if foregrounds are not too limiting • Perform follow-up measurements of interesting regions identified by the WMAP satellite 2.1. Synchrotron
The bane of low frequency CMB polarization studies will likely be polarized Galactic synchrotron emission; however, no one knows the level of this contamination at the frequencies and angular scales of interest to CMB studies.
A summary of some of the existing observations derived from both polarization and temperature observations is presented in Figure 1 . When possible, this figure uses data from near the North Celestial Pole (NCP) at the angular scales of interest. All the upper limits derived from both temperature and polarization measurements are shown as upside down triangles. Actual detections of polarization derived from low frequency surveys are shown as other symbols. The line that represents synchrotron radiation is normalized to the value of 0.5 µK 2 obtained by the WMAP satellite (Kogut et al. 2003) at 41 GHz. This value is extrapolated to other frequencies using T ∝ ν −2.9 . The other WMAP points in Figure 1 are obtained from the rms of the temperature anisotropy data in a 3
• radius cap centered on the NCP as derived from the maximum entropy method synchrotron maps (Bennett et al. 2003a Polarized Brightness Temperature ( K) BS76 Duncan, et al. 1997 de Oliveira-Costa et al. 1998 Uyaniker et al. 1999 Point Sources WMAP 2003 Kogut et al. 2003 KUPID Fig. 1.-Estimated brightness spectra of foreground contaminants and CMB signal as well as measured upper limits (upside-down triangles) and polarization detections (other symbols). These foreground and CMB signal estimates are relevant to angular scales of 0.2
• and regions typical of the NCP. The various foreground contaminants change as a function of galactic latitude (e.g. de and are expected to vary as a function of angular scale . KUPID will operate at 12-18 GHz and will primarily map polarized synchrotron as shown by the box. Details regarding the estimated slopes and normalizations of the various spectra are provided in the text.
GHz) version of one of these NCP synchrotron maps is shown in Figure 3 . These points represent the maximum expected polarized synchrotron signal at these frequencies. There are several uncertainties in extrapolating to other frequencies. First, Faraday rotation can depolarize the low frequency measurements. Second, there is uncertainty in the spectral index of the synchrotron. The spectral index varies as a function of position on the sky (Reich & Reich 1988) and is believed to steepen at higher frequencies due to a knee in the cosmic ray spectrum (Rybicki & Lightman 1979) . The combination of these uncertainties makes the extrapolation to other frequencies quite suspect. A Ku-band polarization survey will measure the normalization and slope of the synchrotron brightness spectrum and thus minimize many of these uncertainties. In particular it will measure the polarized synchrotron in the region of interest for CAPMAP.
In addition to the slope and normalization of the synchrotron brightness spectrum, the slope and normalization of the polarized synchrotron angular power spectrum is of particular interest to CMB studies. For many of the same reasons mentioned above, there is little known about angular power spectrum of polarized synchrotron at higher frequencies and at the high galactic latitudes of interest to CMB studies. Recent studies from Baccigalupi et al. 2001 estimate the slope and normalization of either the E or B-mode angular power spectra with:
This result is based on low and mid-latitude surveys (Duncan et al. 1997 , 1999 and Uyaniker et al. 1999 The CMB angular power spectra are calculated using CMBFAST (Seljak and Zaldarriaga 1996) assuming parameters derived from the WMAP data (Bennett et al. 2003b ).
The slope and normalization of the spinning dust is derived from . The slope and normalization of the synchrotron and point source spectra are derived from Baccigalupi et al. 2001 . The estimated error bars on the synchrotron spectrum are based on 170 hours of observations in a δ > 87
• cap.
shown in Figure 2 for an observation frequency of 15 GHz. Based on these results the synchrotron spectrum (whether E or B) is expected to dominate over the CMB polarization power spectra and other foreground angular power spectra in KUPID's multipole band. In addition to the quoted uncertainties in this determination of the normalization and slope of the synchrotron angular power spectrum, there are uncertainties in the extrapolation to higher frequencies, as mentioned in the discussion above. Finally there are several caveats that need to be made about the validity of the Baccigalupi et al. 2001 results at high galactic latitudes, and there are also concerns regarding source subtraction (of HII regions) for the surveys used in the galactic plane. KUPID's high signal/noise measurements at high and low galactic latitudes will reconcile many of these uncertainties. While polarized synchrotron radiation may be the bane of CMB polarization studies, it is a useful tool to study galactic magnetism (Beck et al. 1996) . Polarized synchrotron radiation is one of the key observational tracers of the plane-of-sky component of the galactic magnetic field B ⊥ (as opposed to the line-of-sight component B ).
The direction of polarization is perpendicular to B ⊥ while the strength of the polarization is proportional to B 2 ⊥,u /B 2 ⊥,t , whereB
r and B t , B u , B r are the total, uniform, and random components of the magnetic field (Ginzburg & Syrovatskii 1965) . There is some controversy between estimates derived from radio frequency measurements of polarized galactic synchrotron radiation (Spoelstra, 1984) , which suggest that B u is slightly less than half the energy in fluctuations, and those derived from pulsar rotation measure data (Rand & Kulkarni 1989 and Ohno & Shibata 1993) which suggest that less than 10% of the energy density is carried by the uniform component. Since KUPID will make very sensitive measurements of the polarized synchrotron radiation at frequencies where Faraday effects • map of the synchrotron component derived from WMAP K-band data. Units are in mK. (Bennett et al. 2003b) are small, it will provide estimates of the mean and random components of the galactic magnetic field. This type of data will be useful in constraining various models that attempt to explain the origin and maintenance of galactic magnetic fields (Zweibel & Heiles 1997 ).
Anomalous Emission -(Spinning Dust?)
The second observation objective involves the characterization of the anomalous foreground emission that has been detected by five independent measurements including COBE (Kogut et al. 1996a (Kogut et al. , 1996b , Saskatoon (de Oliveira-Costa et al. 1997) , OVRO (Leitch et al. 1997) , the 19 GHz survey (de Oliveira-Costa et al. 1998 , Boughn et al. 1992 and Tenerife and Mukherjee et al. 2000 . This foreground is spatially correlated with 100 µm dust emission but has a spectrum that rises towards lower frequencies. This rise is incompatible with thermal dust emission and was initially attributed to free-free emission (Kogut et al. 1996a (Kogut et al. , 1996b ). Lazarian (1998a, 1998b) argued against the free-free hypothesis based on energetics and forwarded a hypothesis based on spinning (as opposed to vibrational) dust mission. A cross-correlation analysis of the low frequency surveys with the Wisconsin H-Alpha Mapper (WHAM) data show little correlation, thus supporting the spinning dust hypothesis over the free-free component that is traced by the WHAM data (de . The brightness spectrum of the spinning dust shown in Figure 1 is normalized to the rms of the 100 µm dust emission (Wheelock et al. 1994) in the NCP region scaled to 15 GHz using 50 mK(MJy/sr) −1 (de Oliveira- and assumes 5% polarization (Lazarian and Draine 2000) . Since the hypothesized spinning dust spectrum is predicted to peak in the 15-20 GHz regime, this experiment is ideal for measuring the polarized component (or lack thereof) of the anomalous emission. As with the brightness spectrum, little is known about the angular power spectrum of the anomalous emission. An estimate of this anomalous emission's angular power spectrum ) is shown in Figure 2 . While the synchrotron emission is expected to dominate over the anomalous emission, the fact that they have different brightness spectra and the fact that the anomalous emission correlates with far-IR measurements will simplify the separation of these two sources.
CMB Polarization
If neither the anomalous emission nor the synchrotron radiation is a dominant polarized foreground, then this experiment is well suited for studies of CMB polarization since it will be designed to have a high sensitivity and low systematic effects as discussed below. Precision measurements of the CMB polarization angular power spectra will not only be the best independent confirmation of temperature anisotropy measurements, but they will also encode complementary information (e.g., Kosowsky 1999). They will break degeneracies inherent in the parameter estimation derived from the temperature angular power spectrum, and they will constrain parameters that are not well constrained by temperature anisotropy measurements alone (e.g., Hu and White 1997) . While the signal-to-noise ratio of the temperature anisotropy measurements is typically a factor of 10-20 higher, the polarization signal is considered to be a "cleaner" signal.
Phenomena such as the integrated Sachs-Wolfe effect and the Sunyaev-Zeldovich (SZ) effect, that occur between the current epoch (z=0) and the last scattering surface (at z=1000), affect the temperature anisotropy but not the polarization. This fact can be used to disentangle low redshift (z < 1000) effects from primordial phenomena. In addition the polarization spectra are more sensitive to some cosmological parameters (such as the optical depth τ ) than the temperature spectrum. Thus, even a lower signal to noise measurement on polarization can yield a better constraint on the optical depth. Finally, the combined precision measurements of the temperature spectrum, the E and B mode polarization spectra and the T-E correlation spectrum will aid in the separation of the relative contributions from scalar, vector and tensor fluctuations (Hu and White 1997) -a goal that is unattainable with temperature measurements alone. The quantification of the tensor contribution would be an amazing achievement since it would represent a measure of the stochastic background of primordial gravity waves. A gravity wave background is the most direct and irrefutable evidence for an inflationary epoch at the very earliest stage of the Universe (Turner 1997) . While this experiment will not likely have the sensitivity to probe the B-mode polarization alone, it will determine the limiting level of foreground contaminants at low frequencies. This information will be very important in the design of future experiments aimed at measuring B-mode polarization.
WMAP Follow-up
The Wilkinson Microwave Anisotropy Probe (WMAP) satellite has made full sky temperature maps at five frequencies between 22 and 90 GHz with angular resolution that varies from 0.93
• − 0.23 • , respectively (see http://map.gsfc.nasa.gov). These maps encode a great deal of information about the CMB temperature anisotropy, the temperature-polarization correlation, and the galactic foregrounds.
This treasure trove of information has helped to answer many questions and has led to more refined questions regarding phenomena associated with both cosmology and the interstellar medium. Many of these questions will benefit from the enhanced frequency coverage, angular resolution, and polarization sensitivity of experiments such as KUPID. For instance, the WMAP satellite has identified the regions with the lowest synchrotron brightness temperature. These regions will be prime targets for follow-up CMB polarization studies since they will also likely have the lowest polarized foreground emission. Part of KUPID's observing time will be devoted to studies of these low foreground regions.
instrument design
One of the primary challenges of CMB polarization studies is the minimization of systematic effects. This is a difficult task since the predicted polarization signal is a factor of 20-60 below the noise level that a single detector can obtain in one second and a factor of 100 million below ambient foreground temperatures. The polarimeter, the telescope and the observation strategy are all designed to minimize the various systematic effects, some of which include polarized ground emission, correlated crosstalk, and polarization-dependent emission/absorption in the optics. Both PIQUE (Hedman et al. , 2002 and CAPMAP (Barkats, this volume) have demonstrated the ability to reach noise levels that are within a factor of 2-3 of the expected CMB polarization signal -without being limited by these types of systematic effects. The KUPID experiment that will take advantage of this experimental heritage.
Polarimeter Design
The primary instrument that requires development for KUPID is a phase switched correlation polarimeter (e.g. Duncan et al. 1995 ) that operates in the 12-18 GHz (Ku) band. A diagram of the KUPID polarimeter is shown in Figure 4 . The main advantage of a correlation polarimeter is that it directly measures the Q and U Stokes parameters rather than taking the difference between two large signals like the MAP experiment and many bolometric-based experiments will do. In so doing, gain fluctuations in the front-end amplifiers only multiply the small polarization signal rather than the system temperature as in the total power case. A phase switch is introduced into one arm of the polarimeter, and this reverses the sign of the multiplier output.
The phase switching and synchronous demodulation obviates the small offset term that is inherent in the multiplier output, and the switching is performed at a frequency (several kHz) that is well above the 1/f knee of the cryogenic amplifiers. Other similarities with the PIQUE and CAPMAP systems includes the use of low noise cryogenic amplifiers, an ambient temperature amplifier and a power divider that allows for the detection of the total intensity in each arm -in this case the intensity of the left and right circular polarizations. The triplexers in the backend of KUPID split the 12-18 GHz into 3 equal sub-bands. This allows for frequency discrimination There are several differences between the KUPID polarimeter and the PIQUE/CAPMAP polarimeters. First, KUPID is a homodyne receiver rather than a heterodyne receiver. This significantly simplifies the construction and testing of the polarimeter, and it reduces the overall cost. KUPID will not need a local oscillator or an associated magic tee and phase shifter, and perhaps most importantly, there'll be no cryogenic mixer. The primary source of reduced effective bandwidth of PIQUE's Q-band and W-band polarimeters has been the lack of flatness in the cryogenic mixers' conversion loss. The desired goal for KUPID will realize a large fraction (> 90%) of its potential 6 GHz bandwidth. The second difference is that the phase switching is performed in-line rather than in the local oscillator signal as is done for CAPMAP. This technique has worked successfully for the MAP satellite. The third difference between the polarimeters is that KUPID's lens is quite large (approximately 50 cm in diameter) and it will initially be at ambient temperature.
The Ku-band is chosen for a number of science reasons: 1) As shown in Figure 1 , polarized synchrotron emission is expected to be sizable at these frequencies, 2) very little mapping of the diffuse polarization has been performed at these frequencies, 3) this band is complementary to the higher frequency bands of the MAP satellite that extend from 22 to 90 GHz, and 4) this band straddles the peak of the hypothesized spinning dust foreground. There are also several technical/practical reasons to chose Ku-band: 1) A simple homodyne system can be incorporated with no waveguide components (except the horn, the OMT and the quadrature hybrid), 2) similar components used in the intermediate frequency (IF) portions of PIQUE/CAPMAP can be also incorporated into this system, and 3) very low noise, cryogenic amplifiers are available in the Ku-band from the National Radio Astronomy Observatory.
Sensitivity
The sensitivity of a correlation receiver is given by √ 2T sys / √ ∆ν (Kraus 1986), where T sys is the system temperature and ∆ν is the bandwidth and this is often expressed in terms of µK √ sec. The various factors that contribute to the system temperature include the CMB itself (2.7 K), the atmosphere (3-6 K at 12-18 GHz), the loss in the lens, horn and waveguide (estimated to be < 0.1 dB), and the receiver noise temperature (7 K) which is dominated by the cryogenic amplifiers. These factors give a system temperature of ∼ 20 K, and when this is combined with a 6 GHz bandwidth it results in a sensitivity of 370 µK √ sec in the measurement of either the Q or U Stokes parameter.
Antenna
KUPID will use the 7-meter millimeter wave antenna at Crawford Hill (Chu et al. 1978) , and it will share observing time with CAPMAP. There are a number of reasons that this antenna is preferred over other possible antennas:
1) First and foremost, the KUPID experiment and the CAPMAP experiment share many of the same personnel and hardware; thus it is prudent, from a budgetary and personnel perspective, to site both experiments at the same antenna. In this plan, CAPMAP would observe from late autumn until early spring when the precipitable water vapor is lowest, and KUPID would observe during the other months.
2) The Crawford Hill telescope is an offset Cassegrain antenna that resides on an alt-az mount. Its characteristics are well tailored for the measurement of polarization. The off-axis structure and the low surface error on the mirror (< 100 µm) afford low sidelobe and cross-polarization levels. No other telescope of similar size (CSO, HHT, SEST, FCRAO, Owens Valley 10-m, JCMT) offers the combination of these features. In addition very few, if any, of these other antennas would allow the extended observing time that is required.
3) The FWHM beam size will be 0.2
• at 15 GHz. This is well matched to PIQUE's 90 GHz measurements (0.24
• FWHM), and it is also matched to WMAP's highest frequency (90 GHz) channels which have a 0.2
• FWHM. A much larger off-axis telescope (such as the GBT in the extreme case) would allow increased angular resolution; however, we would not be able to map large regions (10's of square degrees) in a reasonable time at the requisite sensitivity level. A small, off-axis telescope (such as that used for PIQUE) does not provide the angular resolution necessary for straightforward comparisons with WMAP and other higher angular resolution CMB temperature and polarization experiments.
Observing Strategy
The initial survey will focus on the NCP region (δ > 87
• ) because COMPASS, PIQUE and now CAPMAP have focused their higher frequency polarization observations near the NCP. The NCP region is chosen because it affords long continuous observations of a very small patch of sky without the need to change elevation. The long, deep observations are required to observe the very small polarization signal. A region corresponding to declinations larger than 87
• can be measured by KUPID to a precision of 10 µK/beam in 170 hours. An estimate of the uncertainties in the measured synchrotron angular power spectrum are shown in Figure 2 . This measurement will more than encompass the regions that have already been observed by any of the above experiments. If no polarization is observed at this precision, then it would support the conclusion that neither spinning dust nor synchrotron is interfering with the higher frequency measurements since the brightness temperature spectrum drops precipitously at higher frequencies. In this case KUPID would continue observing in the δ > 87
• region and push to 5 µK/beam precision and this would take an additional 510 hours of observing. At this level the CMB polarization signal is expected to become significant. In the event that significant polarization is observed at the 10 µK/beam level, then KUPID would perform a larger survey near the NCP. A survey region of δ > 80
• would take approximately 420 hours or 17.5 days. This low frequency survey will be invaluable to future CMB polarization surveys of the region. Both the deep survey and the extended survey can be completed in the first three month season of observations. This takes into account the fact that previous polarization experiments (PIQUE, COMPASS and POLAR) only observed for about 25% of the time due to poor weather and occasional experimental downtime.
The observing strategy of the second observing season will be dictated by what is observed in the first season. If no foreground contamination is observed, then these seasons will focus on deep CMB polarization surveys. If significant foreground contamination is observed, then KUPID will perform follow-up observations in interesting regions observed by other polarization experiments such as MAXIPOL. Another goal would be to establish the foreground contamination level in regions with low foreground levels, such as the North Galactic Pole. In addition, a galactic plane survey covering regions from galactic longitudes 0
• to 250
• and galactic latitudes of -5
• to 5
• could be conducted to a precision of 100 µK/beam in approximately 151 hours. This precision should be adequate since existing surveys (e.g. Uyaniker et al. 1998 ) have peak-to-peak variations in Q and U of 500 µK at 1.4 GHz. If this is scaled to 14 GHz using T ∝ ν −3 , the peak-to-peak values near the plane of the galaxy will be on order of 500 µK.
Calibration
The calibration of the polarimeter itself will be established in the lab using a second OMT, in place of the horn, with variable temperature cold loads at its two inputs. The two OMTs are rotated 45
• with respect to each other such that when the two loads are at different temperatures, it generates a nonzero Q (or U) at the output of the correlators. In the process of varying the two load temperatures, the gain of the polarimeter can be established. The polarized flux density scale of the telescope can be calibrated using a bright, polarized astronomical source such as the Crab Nebula. The Crab has been well characterized at these frequencies (e.g. Mayer and Hollinger 1968) . The antenna temperature of the total linear polarization P = Q 2 + U 2 of the Crab is expected to be about 100 mK at 18 GHz for KUPID's 0.2
• FWHM beam. A signal/noise of well over 100 can be achieved in one second of integration. Measurements of the Crab's Stokes parameters can be completed over a wide range of parallactic angles (P A AZ ) yielding signals:
for an idealized polarimeter/feed system, where P A src = 0.5 tan −1 (U src /Q src ) is the position angle of the source. Deviations from this ideal behavior can be attributed to non-ideal components in the polarimeter/feed system which can modify the amplitude and phase of the incident Stokes parameters.
This non-ideal behavior causes coupling between the measured Stokes parameters (I, Q, U) and this coupling can be characterized in terms of a Mueller matrix (Tinbergen 1996) for each component in the polarimeter chain. A high signal/noise measurement of the Crab or another bright calibration target will enable the precision determination of the various terms in the Mueller matrix, and these can in turn be used to correct for the instrumental effects. A thorough discussion of this technique is given in Heiles et al. 2001 and Heiles 2001. 3.6. Timeline Year 1 (8/02-7/03) -During the first year the primary goals involve the design, construction, and testing of the polarimeter. The telescope-polarimeter interface will be established, and an ambient version of the complete polarimeter will be tested. A replica of the CAPMAP data acquisition card will be constructed and tested. Towards the end of the year the cryostat will be completed and the cryocooler and compressor will be delivered. The month of June will be used to perform cryogenic tests of the polarimeter and once it is operating well, it will be moved to the Crawford Hill telescope.
Year 2 (8/03-7/04) -The months of August, September and October will be spent observing a small cap near the NCP. KUPID will fit into one of the four cryostat slots alloted to CAPMAP until all four CAPMAP cryostats are completed and deployed (12/03). These months are chosen to complement CAPMAP's observing season which is October through May. The rest of the year will be dominated by data analysis from the first observing season. The other months will also be used to incorporate modifications to the polarimeter system. Year 3 (8/04-7/05) -The months of August-October will be used to perform the observations, and the rest of the year will be used to conclude the data analysis. Based on the results from Year 2, we will determine the observation strategy for Year 3 as discussed in the Observation Strategy section.
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